Truncated light-harvesting antenna 1 (TLA1) is a nuclear gene proposed to regulate the chlorophyll (Chl) antenna size in Chlamydomonas reinhardtii. The Chl antenna size of the photosystems and the chloroplast ultrastructure were manipulated upon TLA1 gene over-expression and RNAi downregulation. The TLA1 over-expressing lines possessed a larger chlorophyll antenna size for both photosystems and contained greater levels of Chl b per cell relative to the wild type. Conversely, TLA1 RNAi transformants had a smaller Chl antenna size for both photosystems and lower levels of Chl b per cell. Western blot analyses of the TLA1 over-expressing and RNAi transformants showed that modulation of TLA1 gene expression was paralleled by modulation in the expression of light-harvesting protein, reaction centre D1 and D2, and VIPP1 genes. Transmission electron microscopy showed that modulation of TLA1 gene expression impacts the organization of thylakoid membranes in the chloroplast. Over-expressing lines showed well-defined grana, whereas RNAi transformants possessed loosely held together and more stroma-exposed thylakoids. Cell fractionation suggested localization of the TLA1 protein in the inner chloroplast envelope and potentially in association with nascent thylakoid membranes, indicating a role in Chl antenna assembly and thylakoid membrane biogenesis. The results provide a mechanistic understanding of the Chl antenna size regulation by the TLA1 gene.
INTRODUCTION
The absorption of sunlight and the conversion of excitation energy to chemical energy in photosynthesis take place in photosystem II (PSII) and photosystem I (PSI) in the thylakoid membrane of chloroplasts [1] . Distinct pigment -protein complexes are contained within PSI and PSII and perform the functions of light absorption and excitation energy transfer to a photochemical reaction centre [2, 3] . Up to 350 chlorophyll a (Chl a) and Chl b molecules can be found in association with PSII, whereas the Chl antenna of PSI may contain up to 300 mainly Chl a molecules [4 -6] . Most of these Chl molecules are organized as subunits of the so-called auxiliary chlorophyll a-b light-harvesting complex (LHC), located peripherally to the PS-core complex. In higher plants, there are six such subunits for PSII (LHC b1-b6) and four for PSI (LHC a1 -a4) [7] . Several isoforms of these LHC subunits have been identified in the model green microalga Chlamydomonas reinhardtii [8] . The amount of these LHCs in the peripheral Chl antenna determines the size of the functional Chl antenna of the photosystems.
The Chl antenna size is not constant but can vary substantially depending on the developmental, genetic, physiological and environmental conditions. Plants and algae respond to imbalance between the supply and consumption of light energy in the photosynthetic apparatus by a molecular mechanism that alters the size of the Chl antenna [4, [9] [10] [11] [12] . In general, growth under low-light intensity promotes a large Chl antenna size for both PSII and PSI, which is a survival strategy and a competitive advantage in the wild, where sunlight is often limiting [13] . Growth under high irradiance induces the assembly of photosystems with a smaller Chl antenna size [4, [14] [15] [16] . Such adjustments of the Chl antenna size in response to irradiance are a guided compensation reaction of the chloroplast to prevent over-excitation of the photosystems and potential photo-oxidative damage [4] . This molecular regulatory mechanism for the adjustment and optimization of the Chl antenna is highly conserved and functions in all organisms with oxygenic and anoxygenic photosynthesis [9, 12, 17, 18] . Accordingly, there are nuclear and plastid genes that define the size and/or regulate the Chl antenna size of photosynthetic organisms [19, 20] . Earlier efforts to elucidate the molecular mechanism for the dynamic regulation of the Chl antenna size postulated alteration of the redox state of the plastoquinone pool [10] and/or the operation of a cytosolic signalling transduction pathway for the rapid (order of minutes) regulation of both LHC (LHC proteins) and chlorophyllide a oxygenase (CAO) gene expressions by irradiance [12] . Upregulation and downregulation of the expressions of nuclear LHCB, LHCA (chlorophyl a-b light-harvesting complex) and CAO genes under low and high irradiance, respectively, plays a long-term acclimation role in plants and algae [7, 11, 12, 14, 21, 22] .
Although physiological and biochemical consequences of the function of this molecular mechanism for the regulation of the Chl antenna size are well understood [4, 9, 23] , few nuclear genes have been identified that dynamically modulate the development and define the size of the Chl antenna in the chloroplast [19, 20, 24] . Earlier work described the isolation and characterization of tla1, a C. reinhardtii DNA insertional mutagenesis strain having a truncated light-harvesting chlorophyll antenna size [19,25 -27] . The tla1 mutant possessed a smaller than wild-type Chl antenna size for both photosystems. It also showed lower levels of light-harvesting proteins and of Chl b relative to the wild type [25] . Molecular and genetic analyses revealed that in the tla1 mutant the exogenous plasmid DNA insertion occurred at the end of the 5 0 untranslated region (UTR) and just prior to the ATG start codon of the TLA1 gene, which encodes a protein of 213 amino acids, that has a variant of the MPN (Mpr1 Pad1 N-terminal) domain [28] . Thus, the tla1 mutant lacked the in vivo TLA1 promoter and the 5 0 UTR of the TLA1 gene. In consequence, expression of the TLA1 gene was substantially downregulated at the translational level, and much lower levels of the TLA1 protein were detected in the mutant [26] . Complementation of the tla1 mutant with the TLA1 gene alone was sufficient to restore the wild-type cell pigmentation phenotype [26, 27] .
The present study is an extension of research from this laboratory [25] [26] [27] , seeking to elucidate the role of the TLA1 gene in the molecular mechanism for the regulation of the chlorophyll antenna size of photosynthesis. We genetically manipulated the TLA1 gene in a wild-type strain of C. reinhardtii by TLA1 gene over-expression and downregulation, using RNA interference, to study the effect of the TLA1 gene expression on cellular Chl content and Chl antenna size of the photosystems, and also on thylakoid membrane biogenesis and organization without interference from any other background mutations. Results showed that modulation of the TLA1 gene expression impacts chlorophyll content per cell, the chlorophyll antenna size of the photosystems, but also affects accumulation of reaction centre and other thylakoid membrane proteins. The work also provides evidence that TLA1 gene expression affects thylakoid membrane development and organization in the chloroplast, thereby revealing a far broader effect than previously thought.
MATERIAL AND METHODS
(a) Growth of the algae Chlamydomonas reinhardtii strains CC503, TLA1 overexpressing lines OE1, OE2 and OE3, TLA1 RNAi transformants Ri6, Ri8 and Ri9 and the chlorophylldeficient mutant tla1 were grown to the mid-exponential growth phase either in Tris-acetate-phosphate (TAP), pH 7.4 [29, 30] , or in modified minimal media containing 40 mM Tris-HCl, pH 7.4, supplemented with 25 mM sodium bicarbonate (TBP medium [31] ) in culture flasks at 258C under continuous illumination of 150-300 mmol photons m 22 s 21 provided by coolwhite fluorescent lamps. The cultures were stirred continuously to ensure a uniform illumination of the cells and to prevent settling.
Cell density was measured upon counting cells per millilitre culture using a Neubauer ultraplane haemocytometer. Pigments from intact cells were extracted in 80 per cent acetone and cell debris removed by centrifugation at 10 000g for 5 min. The absorbance of the supernatant was measured with a Shimadzu UV-160U spectrophotometer, and the chlorophyll (Chl a and Chl b) concentration of the samples was determined according to Arnon [32] , with equations corrected as in Melis et al. [33] .
(b) Generation of TLA1 over-expressing lines and TLA1 RNAi transformants The full-length TLA1 gene (genomic DNA sequence including two exons and a single intron; GenBank accession no. AF534570) was amplified using primer 8 (TLA1 first exon-specific primer; table 1) and primer 9 (TLA1 second exon-specific primer; table 1) on extracted wild-type genomic DNA. Primer 8 and primer 9 had NdeI and XbaI restriction sites added at the 5 0 ends, respectively. The 768 bp genomic DNA PCR product (TLA1 gene with the added base pair from the restriction sites) was digested with NdeI and XbaI and cloned into vector pSL18 ( [34, 35] ; figures 1a and 2a). Platinum Taq high-fidelity DNA polymerase (Invitrogen, Carlsbad, CA, USA) was used for the PCR amplification. A 1 kb plus DNA ladder was used as DNA size markers (Invitrogen). The pSL18 plasmid incorporated 5 0 and 3 0 UTR regions from the PsaD gene of C. reinhardtii, and also contained the ampicillin-and paromomycin-resistance genes [36] as selectable markers (figure 1a). The antibiotic-resistance genes are useful for screening transformants of Escherichia coli and C. reinhardtii on LB þ ampicillin and TAP þ paromomycin agar plates, respectively. The recombinant pSL18-TLA1 construct from one of the positive E. coli clones was sequenced to confirm the TLA1 gene sequence present. The sequenced pSL18-TLA1 construct was used to transform the CC503 strain by the glass-bead method [37, 38] , to generate the TLA1 over-expressing lines.
Primer A (TLA1 first exon-specific primer, table 1) and primer B (TLA1 second exon-specific primer, table 1) were used to amplify a 367 bp fragment of TLA1 cDNA that constituted fragment number 1 (figure 2a). Primer A had an EcoRV and primer B had an EcoR1 restriction site incorporated in the 5 0 end. Primer C (TLA1 second exon-specific primer; table 1) and primer D (TLA1 first exon-specific primer; table 1) were used to amplify a 367 bp fragment of TLA1 cDNA that constituted fragment number 2 (figure 2a). Primer C had a BamH1 and primer D had an XbaI restriction site incorporated in the 5 0 end. Fragments 1 and 2 were cloned into vector pSL72 under the control of the constitutive PsaD promoter (figure 2a). The resulting construct was sequenced at the UC Berkeley sequencing facility, and sequenced recombinant construct was used to transform wild-type CC503 strain to generate the TLA1 RNAi transformants.
(c) Nucleic acid extraction, PCR and RT-PCR analysis Genomic DNA was isolated using a combination of DNeasy plant mini kit (Qiagen, Valencia, CA, USA) and phenol chloroform extraction [39] . Total RNA was isolated using the Trizol reagent (Invitrogen). Genomic DNA PCR and RT-PCR analysis was done on the isolated genomic DNA and RNA samples. The one-step RT-PCR kit (Qiagen) was used for RT-PCR experiments. Platinum Taq polymerase (Invitrogen) was used for the PCR amplification. The 1 kb plus DNA ladder was used as DNA size markers (Invitrogen). Primers used for PCR and RT-PCR analysis are listed in table 3.
(d) Isolation of thylakoid membranes for spectrophotometric analysis Cells were harvested by centrifugation at 1000g for 3 min at 48C, the pellet was resuspended in 1-2 ml Table 1 . TLA1 gene primers used for cloning TLA1 inverted repeats and full-length gene in pSL72 and pSL18, respectively. of growth medium and stored frozen at 808C until all samples were ready for processing. Samples were thawed on ice and diluted with ice-cold sonication buffer containing 50 mM Tricine (pH 7.8), 10 mM NaCl, 5 mM MgCl 2 , 0.2 per cent polyvinylpyrrolidone 40, 0.2 per cent sodium ascorbate, 1 mM aminocaproic acid, 1 mM aminobenzamidine and 100 mM phenylmethylsulphonyl fluoride. Cells were broken by sonication in a Branson 250 cell disrupter operated at 48C, 3Â for 30 s (pulse mode, 50% duty cycle, output power 5) with 30 s cooling intervals. Cell debris and starch grains were removed by centrifugation at 3000g for 4 min at 48C. The thylakoid membranes were collected by centrifugation of the supernatant at 75 000g for 30 min at 48C. The thylakoid membrane pellet was resuspended in 50 mM Tricine (pH 7.8), 10 mM NaCl, 5 mM MgCl 2 for spectrophotometric measurements.
(e) Isolation of total soluble and cell membrane fractions CC503 cell fractionation was implemented as described above. The sonicated cell sample was centrifuged at 20 000g for 1 h at 48C. The supernatant was collected and used as the cell soluble fraction. The membrane pellet was resuspended in a buffer containing 250 mM Tris-HCl (pH 6.8), 20 per cent glycerol, 7 per cent sodium dodecylsulphate (SDS) and 2 M urea for protein analysis. Membrane proteins were solubilized for 30 min in the dark at room temperature, a procedure designed to prevent the formation of protein aggregates during denaturation. Samples were then centrifuged in a micro-centrifuge for 4 min to remove unsolubilized material. The solubilized supernatant was used as the total cell membrane fraction. The total cell, soluble and membrane fractions were used for the TLA1 immunolocalization experiment.
(f) Isolation of intact nuclei, chloroplasts, chloroplast envelope and thylakoid membranes from Chlamydomonas cells for immune-localization experiments CC503 cells were harvested by centrifugation at 23 000g for 10 min at 48C. Nuclei were isolated from the pelleted cells following the protocol described by Shimogawara & Muto [40] . For chloroplast isolation, CC503 cells were grown in TAP medium under continuous light (300 mmol photons m Cells were harvested 4 h past the third L/D cycle by centrifugation at 3000g for 10 min at 48C. Chloroplasts were isolated from the pelleted cells following the protocol described by Mason et al. [41] . Chloroplast envelopes were isolated by modification of the method of Clemetson & Boschetti [42] as described by Ramazanov et al. [43] . Thylakoid membranes were isolated according to Allen & Staehelin [44] .
(g) Spectrophotometric analyses
The concentration of the photosystems in thylakoid membranes was estimated spectrophotometrically from the amplitude of the light-minus-dark absorbance difference signal at 700 nm (P700) for PSI, and 320 nm (Q A ) for PSII [45, 46] . The functional light-harvesting Chl antenna size of PSI and PSII was measured from the kinetics of P700 photooxidation and Q A photo-reduction, respectively [47] .
(h) Cell protein SDS -PAGE and Western blot analysis Chlamydomonas reinhardtii cells from the different strains were harvested, washed twice with fresh growth medium and resuspended in TEN buffer, containing 10 mM Tris -HCl, 10 mM EDTA and 150 mM NaCl, pH 8. Following sonication, the crude cell extract was incubated in the presence of solubilization buffer [46] . Gel lanes were loaded with an equal amount of Chl, in the range of 1 -2 nmol Chl, as indicated. SDS -PAGE analysis was performed according to Laemmli [48] on a 12.5 per cent acrylamide gel, using the Fermentas pre-stained protein ladder (Glen Burnie, MD). A constant current of 15 mA was applied to the electrophoresis for a 3 h period. Gels were stained with 1 per cent Coomassie brilliant blue R for protein visualization.
Electrophoretic transfer of the SDS -PAGE resolved proteins onto nitrocellulose was carried out for 2 h at a constant current of 400 mA in the transfer buffer (25 mM Tris, 192 mM glycine and 20% methanol). The Chlamydomonas anti-TLA1 polyclonal antibodies (made against the full-length recombinant TLA1 protein), spinach anti-LHC antibodies, Arabidopsis anti-D1 and anti-D2 antibodies (made against a synthetic peptide having the highly conserved C-terminal sequence of the D2 protein from plants), Chlamydomonas anti-VIPP1 (anti-vesicle-inducing protein in plastid 1), anti-Rubisco and anti-NAB1 (anti-nucleic acid-binding protein 1) antibodies were used for Western blot analysis of the different TLA1 over-expressing strains, TLA1 RNAi transformants and the wild-type strain. The anti-TLA1 immune serum was diluted with the antibody buffer (Trisbuffered saline, 0.005% Tween 20 and 1% bovine serum albumin, pH 7.4) to a ratio of 1 : 3000 before use as the primary probe. Primary LHC, D1, D2, VIPP1 and NAB1 antibodies were used in 1 : 25 000, 1 : 30 000, 1 : 50 000, 1 : 100 000 and 1 : 3000 dilutions, respectively, using the earlier-mentioned antibody buffer. Primary Rubisco antibodies were used in 1 : 50 000 dilutions. The secondary antibodies used for this Western blot analysis were conjugated to horseradish peroxidase (BioRad, Hercules, CA) and diluted to a ratio ranging from 1 : 30 000 to 1 : 50 000 with the antibody buffer. Western blots were developed for visualization via the Supersignal West chemiluminescent substrate kit (Pierce, Rockford, IL, USA).
(i) Transmission electron microscopy Cultures of CC503, OE1, Ri6 and tla1 were grown to mid-exponential phase (5 Â 10 6 cells ml 21 ), concentrated by centrifugation and fixed for 1 h in a mixture containing 0.1 M cacodylate buffer (pH 7.4) and glutaraldehyde (added to a final concentration of 3% in the cacodylate buffer). Fixed cells were washed three times with 0.1 M cacodylate buffer, pH 7.4 upon shaking gently for 10 min on an orbital shaker. Following the wash, cells were transferred to the secondary fixative mix (1% OsO 4 and 1.6% potassium ferricyanide, dissolved in 0.1 M sodium cacodylate buffer, pH 7.4 and incubated for 2 h). Cells were rinsed twice with cacodylate buffer for 10 min each, then rinsed three times with distilled water for 10 min each. Cells were stained with 2 per cent uranyl acetate (in water) under vacuum for about half an hour. After staining, the cells were dehydrated with increasing concentrations of ethanol, followed by dehydration in 100 per cent acetone. The dehydrated cells were then infiltrated and embedded in resin. Sections were cut to approximately 500 mm diameter and 60 nm thickness. Therefore, 100 sections were required to traverse a cell along its short axis (approx. 6 mm). Sections were collected on 100 mesh copper grid and slot grids. Sections were dried and poststained with 2 per cent methanolic uranyl acetate for 7 min, then with lead citrate for an additional 7 min. Sections were dried and examined under Tecnai 12 transmission electron microscopy (TEM) at 100 kV.
RESULTS (a) Generation and screening of TLA1 overexpressing and RNAi transformants
The full-length coding region of the TLA1 gene (759 bp) was amplified using primers 8 and 9 (table 1) on genomic DNA and cloned into the pSL18 vector under control of a constitutive PsaD promoter (figure 1a; see also §2). The resulting recombinant construct was used to transform wild-type CC503 strain to generate the TLA1 over-expressing lines. Two reverse complementary cDNA fragments (367 bp) of the TLA1 gene were cloned into the pSL72 vector to generate the pSL72-TLA1 RNAi construct (figure 2a; table 1; see also §2). The resulting recombinant construct was used to transform the wild-type CC503 strain to generate the TLA1 RNAi transformants. TLA1 over-expressing and RNAi transformant line colonies were selected on TAP agar plates in the presence of 10 mM paromomycin and screened for dark green and pale green coloration, respectively. Three independent lines of putative TLA1 overexpressing lines (figure 1b) and RNAi transformant strains (figure 2b) were randomly selected from a batch of 300 isolated transformants (from each group) and further analysed for chlorophyll content and composition, as well as Chl antenna size, upon autotrophic growth in minimal TBP liquid media (figures 1b and 2b).
(b) Chlorophyll content and photosystem Chl antenna size measurements Compared with the green phenotype of the CC503 wild type, TLA1 over-expressing strains (OE1, OE2 and OE3) had a dark green coloration (figure 1b), whereas TLA1 RNAi transformants (Ri6, Ri8 and Ri9) had a pale green coloration (figure 2b). The TLA1 over-expressing lines and the RNAi transformants were tested for their Chl/cell and Chl a/Chl b ratios. Chl/cell in the TLA1 over-expressing lines (3.1 -3.4 Â 10 215 mol cell
21
) was slightly greater than that in the wild type (3 Â 10 215 mol cell
) while that of the TLA1 RNAi transformants ranged between 0.9 Â 10 215 and 2 Â 10 215 mol cell 21 (table 2) . The wild-type C. reinhardtii has a Chl a/Chl b ratio of 2.6, whereas the TLA1 over-expressing lines and the TLA1 RNAi transformants have a Chl a/Chl b ratio ranging between 2.3-2.5 and 3-6, respectively. Table 2 also shows Chl-to-PSII (Chl/Q A ) and Chl-to-PSI (Chl/ P700) ratios, as measured from the light-minus-dark difference spectra of the various strains. The wild-type strain contained about 521 Chl molecules per Q A molecule, whereas the TLA1 over-expressing lines and the TLA1 RNAi transformants had a Chl/Q A ratio ranging between 525-537 and 410-494, respectively (table 2) . Hence, the TLA1 over-expressing lines resemble the wild-type strain in having similar Chl and Q A content in their thylakoids. In the TLA1 RNAi transformants, the Chl relative to Q A content was lowered by about 20-25%. The wild-type strain contained 547 Chl molecules per P700 molecule, whereas the TLA1 overexpressing lines and the TLA1 RNAi transformants had a Chl/P700 ratio ranging between 560-610 and 361-459, respectively. Thus, in the TLA1 over-expressing lines, the Chl content was slightly greater relative to the P700 content in the thylakoid membrane, by about 2-12%, whereas in the TLA1 RNAi transformants the Chl content was considerably lower (16-34%) relative to P700 content in the thylakoids. These measurements suggested a smaller Chl antenna size for both photosystems in the TLA1 RNAi transformants. The functional light-harvesting Chl antenna size of PSI and PSII in the wild type and the TLA1 overexpressing lines and TLA1 RNAi transformants was determined from the kinetics of P700 photo-oxidation and Q A photo-reduction ( [49] ; table 2). This method assigns Chl molecules to each reaction centre in proportion with the rate of light absorption by the respective photosystem. Rates of light utilization by the photosystems were measured from the kinetics of Q A photo-reduction and P700 photo-oxidation in isolated thylakoid membranes suspended in the presence of the herbicide DCMU [47] . In the TLA1 over-expressing strains, the PSI and PSII Chl antenna sizes were slightly greater by 2-14% and 1-4%, respectively, compared with that in the wild-type strain. In the TLA1 RNAi transformants, the PSI Chl antenna size was smaller by 15-50%, whereas the PSII Chl antenna size was smaller by 11-26%, compared with that in the wild type. Overall, PSI Chl antenna size was attenuated more than that of PSII (table 2) .
(c) Genetic analysis of TLA1 over-expressing lines and TLA1 RNAi transformants Total genomic DNA and RNA were isolated from the TLA1 over-expressing lines (OE1, OE2 and OE3) and the wild-type strain. PCR and RT-PCR analysis was done on the isolated genomic DNA and RNA using primer 5 (PsaD 5 0 UTR-specific forward primer; table 3; figure 3a,b) and primer 4 (TLA1 second exon-specific reverse primer; table 3; figure 3a,b) . A genomic DNA PCR product of 781 bp and a cDNA product of 665 bp were obtained in all the TLA1 over-expressing strains, which were missing from the wild-type samples, as the wild-type strain lacks the trans-TLA1 gene with the PsaD 5 0 UTR. This result shows that the TLA1 over-expressing lines possess the trans-TLA1 gene under the control of the PsaD promoter and are expressing it. RT-PCR was also performed on the TLA1 over-expressing lines using primer 1 (TLA1 5 0 UTR-specific forward primer; table 3 and figure 3c ) and primer 4 (TLA1 second exon-specific reverse primer; table 3 and figure 3c ) as a control experiment. A cDNA product of 687 bp was obtained in all of the TLA1 over-expressing lines and the wild type ( figure 3c ). This result offers evidence of the presence and expression of the native TLA1 gene in all the strains examined.
RNA was isolated from the wild-type strain CC503, and cycle-RT-PCR was performed using cycles ranging from 13 to 35, and also using primer 2 (TLA1 first exon-specific forward primer, table 3; figure 4a ) and primer 6 (TLA1 second exon-specific reverse primer, table 3 and figure 4a). The products obtained from these cycles were subjected to DNA gel electrophoresis to identify a desired cycle in which the RT-PCR product concentration would be in the linear range. Cycle number 27 was selected for further semi-quantitative RT-PCR analysis, using Actin-and TLA1-specific primers. Total cell RNA from the TLA1 RNAi transformant and wild-type strains were subjected to RNA gel electrophoresis to check for quality and concentration of the RNA preparations (figure 4b). Primer 3 and primer 7 (Actin gene-specific; table 3 and figure 4c) were used for semi-quantitative RT-PCR (using cycle 27) analysis of Actin transcripts (363 bp product) in the three TLA1 RNAi transformants (Ri6, Ri8 and Ri9) and the wild-type strain.
Results from this analysis showed that the transcript level of Actin is the same in all strains. Primer 2 (TLA1 first exon-specific forward primer; table 3 and figure 4d ) and primer 6 (TLA1 second exon-specific reverse primer; table 3 and figure 4d ) were used for semi-quantitative RT-PCR analysis of TLA1 transcripts (359 bp product) in the three TLA1 RNAi transformants (Ri6, Ri8 and Ri9) and the wild-type strain. The TLA1 transcript level was significantly lower in all TLA1 RNAi transformants particularly Ri6 and Ri8 compared with that in the wild-type strain (figure 4d ).
(d) Western blot analysis of photosynthetic proteins in TLA1 over-expressing and RNAi transformant lines Total cell protein extracts from the three TLA1 overexpressing lines (OE1, OE2 and OE3) and wild-type strain were resolved on a 12.5 per cent SDS -PAGE gel. Lanes were loaded on an equal protein basis (figure 5a). Western blot analysis of the total cell extract from these samples was performed with specific polyclonal antibodies raised against the Chlamydomonas recombinant TLA1 protein, spinach LHC proteins (recognizes both LHCA and LHCB), Arabidopsis PSII reaction centre D1 and D2 proteins, Chlamydomonas VIPP1 and Chlamydomonas NAB1 proteins (figure 5b-g). Results showed that the amount of TLA1, LHCs, D1, D2 and VIPP1 proteins were increased in OE1 and OE2 and to a lesser extent in OE3, when compared with that in the CC503 wild type ( figure 5b-g ).
OE3 showed a minimal change in the earlier-mentioned protein levels compared with that in the wild type strain. The Western blot analysis results indicated that TLA1 over-expression is not only affecting the Chl antenna Table 3 . Primers used for genetic analysis of the CC503 (WT), TLA1 over-expressors and TLA1 RNAi mutants. RT-PCR analysis of the TLA1 over-expressing lines and WT using cDNA template. Primer 5 (PsaD 5 0 UTR-specific forward primer, table 3) and primer 4 (TLA1 3 0 UTRspecific reverse primer, table 3) were used to probe for the presence/absence of the full-length trans-TLA1 transcript (665 bp product) in the three TLA1 over-expressing lines (OE1, OE2 and OE3) and CC503 (WT) strain. (c) RT-PCR analysis of the TLA1 over-expressing strains and WT using cDNA template. Primer 1 (TLA1 5 0 UTR-specific forward primer, table 3) and primer 4 (TLA1 3 0 UTRspecific reverse primer, table 3) were used to probe for the presence of the full-length cis-TLA1 transcript (687 bp product) in the three TLA1 over-expressing lines (OE1, OE2 and OE3) and CC503 (WT) strain.
size by regulating the amount of LHC proteins associated with the photosystems (figure 5b,c), but it is also affecting the concentration of D1 and D2 reaction centre proteins ( figure 5d,e) , and the amount of the VIPP1 protein, which is involved in thylakoid biogenesis/maintenance (figure 5f ). TLA1 over-expression did not have an effect on the amount of NAB1 protein, which plays a role in LHC biosynthesis in the cytosol, therefore, indirectly affecting the Chl antenna size in C. reinhardtii (figure 5g).
Total cell protein extracts from three TLA1 RNAi transformants (Ri6, Ri8 and Ri9) and wild-type strain were also resolved on a 12.5 per cent SDS-PAGE gel. Lanes were loaded on an equal protein basis (figure 6a). Western blot analysis of the total cell extracts from the different strains was performed with the same set of specific polyclonal antibodies as those used in figure 5b to probe the TLA1 over-expressing lines ( figure 6b-g ). Results showed that the amount of TLA1, LHCs, D1, D2 and VIPP1 proteins were significantly decreased in the RNAi transformants compared with that in the CC503 wild-type strain (figure 6b-f ). Like the TLA1 over-expressing strains, downregulation in the amount of TLA1 expression did not have an effect on the amount of NAB1 protein in the RNAi transformants (figure 6g). It is concluded that a cause-and-effect relationship exists between changes in TLA1 expression and LHC, D1, D2 and VIPP1 abundance in the chloroplast, providing an explanation of the mechanism and strengthening the notion of the TLA1 protein as a regulator of Chl content and Chl antenna size in photosynthesis [25] [26] [27] .
(e) Localization of TLA1 protein in Chlamydomonas reinhardtii Total soluble and membrane fractions were isolated and probed with the TLA1 antibodies. Figure 7a shows the SDS -PAGE profile of these fractions with lanes loaded on equal protein basis. The corresponding Western blot analysis (figure 7b) showed that the TLA1 protein is enriched in the membrane fraction (M) and not present in the soluble fraction (S). Further fractionation of CC503 Chlamydomonas cells and isolation of chloroplasts, chloroplast envelopes, thylakoid membranes and nuclei was also undertaken (see §2). Total membrane fraction (figure 8a, lane 1), soluble stroma fraction (lane 2), chloroplast envelope (lane 3), nuclei (lane 4) and total cell extract (lane 5) were loaded on a 12.5 per cent SDS -PAGE gel. Lanes were loaded on an equal protein basis (figure 8a). Rubisco protein enrichment (RbcL-55 kD) was used as a marker protein for the soluble chloroplast fraction (figure 8a, lane 2). TOC75 (translocon of outer envelope of chloroplast, MW ¼ 75 kD) was used as a marker for the chloroplast envelope ( figure 8a, lane 3) . The nuclei preparation showed enrichment in histone proteins, denoted by black arrows in figure 8a (lane 4) [50, 51] . The D2 protein was used as a marker protein for the total membrane fraction ( figure 8a, lane 1) . Western blot analysis of the earlier-mentioned samples was performed with TLA1-specific polyclonal antibodies and also with Chlamydomonas RbcLspecific and D2-specific antibodies. The Western blot analysis showed that the TLA1 protein is enriched in the total membrane and chloroplast envelope fractions (figure 8b, lanes 1 and 3) and is absent from the isolated stroma-soluble fraction and from the nuclei preparation ( figure 8b, lanes 2 and 4) . These results suggest precipitation of the TLA1 protein with the relatively heavier membrane fractions, suggesting either membrane (envelope?) association or formation of a larger complex, probably in association with other membrane proteins, all of which pellet in the course of the differential centrifugation for the isolation of the cellular fractions.
(g) Figure 6 . (f) Transmission electron microscopy studies of cells of different Chlamydomonas reinhardtii strains Size and composition of the Chl antenna has been shown to influence the formation of grana stacks in chloroplasts [52] [53] [54] . Accordingly, TEM was undertaken to assess the status of thylakoid membrane development and organization in TLA1 over-expressing (OE1) and TLA1 RNAi transformants (Ri6). TEM images revealed systematic differences in the arrangement and organization of thylakoid membranes among the wild-type CC503 cell (figure 9a), OE1 (figure 9b) and Ri6 (figure 9c). The OE1 strain (figure 9b) showed dense packing of grana, similar to that found in the CC503 control (figure 9a). By contrast, the TLA1 RNAi transformant Ri6 showed comparatively disorganized and less-compact arrangement of the thylakoid membranes with more free-floating stroma-exposed lamellae punctuated with few pseudograna (figure 9c). Although cells used for TEM studies were harvested from cultures that had approximately the same cell density (5 Â 10 6 cells ml
), RNAi transformants, e.g. the Ri6, were seen to apparently possess more starch grains compared with those in the wildtype and TLA1 over-expressing lines. This may be viewed as an indication of metabolic differences between the Ri6 transformant lines and those of the wild-type and OE1 over-expressing [54, 55] . The potential significance of this phenomenon was not further investigated in this work.
DISCUSSION
The ability of the photosynthetic apparatus to regulate the size of the functional Chl antenna was first recognized in pioneering work by Bjorkman et al. [56] , more than 30 years ago. In spite of the substantial number of physiological and biochemical studies on this phenomenon (reviewed in [4, 5, 9] ), genes and mechanism for the regulation of the Chl antenna size of photosynthesis have not been fully elucidated. Earlier DNA insertional mutagenesis work from this laboratory identified the novel TLA1 gene (GenBank accession no. AF534570 and AF534571) as a genetic determinant of cellular Chl content and photosystem Chl antenna size [25] [26] [27] .
The mechanism by which the TLA1 gene regulates the Chl antenna size of photosynthesis is not currently understood, although it is likely to regulate the expression of other genes that directly affect the functional interaction between cell and organelle. For example, it may act by an as yet unknown mechanism for the regulation of expression of nuclear genes that are directly responsible for the biosynthesis of Chl and/or assembly of the LHC proteins. This notion is supported by findings in this work. For example, in the TLA1 RNAi transformants, TLA1 protein level, total amount of Chl, abundance of LHC polypeptides and levels of Chl b were all downregulated (figure 6b,c; table 2), presumably as a consequence of downregulation in the amount of the TLA1 protein. In the TLA1 over-expressing strains, a slight increase in the amount of the TLA1 protein, total Chl, LHC proteins and Chl b content were observed (figure 5b,c; table 2). The number of Chl molecules per Q A was lower in the TLA1 RNAi transformants and slightly higher in the TLA1 over-expressing lines relative to that in the wild type (table 2) . Interestingly, the amount of the reaction centre proteins (D1 and D2) were also lowered in the TLA1 RNAi transformants but were higher in the TLA1 over-expressing strains, respectively, relative to the wild type (figures 5d,e and 6d,e). The number of Chl molecules per P700 showed a similar trend as that of Chl per Q A (data not shown). More directly, kinetic spectrophotometric analysis showed that the Chl antenna size of the photosystems is smaller in the TLA1 RNAi transformants and slightly larger in the TLA1 over-expressing strains, relative to that in the wild type. The PSI Chl antenna size was more pronouncedly reduced than that of PSII in the TLA1 RNAi transformants (table 2) . It is noted that cellular Chl content and Chl antenna size of the photosystems in the TLA1 RNAi transformants are similar to those measured earlier with the tla1 mutant [25] . The latter, like the TLA1 RNAi transformants here, possessed a lower number of photosynthetic electron transport chains per chloroplast, when compared with that in the wild-type strain [25] . Interestingly, both in the tla1 mutant described earlier [25] and in the RNAi lines described here, the decrease in Chl content was proportionally larger than the change in Chl antenna size, implying a phenotype consistent with a restriction on chlorophyll biosynthesis. This would explain the dual effect on the truncated size of the Chl antenna and the diminished abundance in reaction centre proteins on a per cell basis. It is understood that when chlorophyll supply is restricted reaction centre assembly takes precedence over antenna, and hence the antenna size is smaller.
Nucleic acid binding protein 1 (NAB1) is a cytosolic protein that plays an important role in regulation of the expression of the light-harvesting antenna of PSII at the post-transcriptional level by binding largely to LHCBM6 and to a lesser extent to LHCBM4 mRNA in C. reinhardtii [54] . Absence of the NAB1 protein leads to an increase in the apoprotein amount of LHCB (LHCBM4 and LHCBM6), which is peripherally associated with the PSII antenna, leading to an increase in the size of the PSII Chl antenna size [54] . Western blot analysis of the TLA1 RNAi transformants and the TLA1 over-expressing lines with the NAB1-specific antibodies did not reveal any difference in the level of the NAB1 proteins, suggesting that TLA1 and NAB1 function in a different signal transduction pathway in the regulation of the Chl antenna size of photosynthesis.
VIPP1 is a conserved protein in higher plants, algae and cyanobacteria, and has been shown to play a role in thylakoid membrane biogenesis/maintenance in higher plants and algae [57] [58] [59] . VIPP1 was localized in both chloroplast inner envelope and thylakoid membranes. The Arabidopsis VIPP1-less mutant (hcf155) cannot grow photo-autotrophically owing to aberrant thylakoids and is deficient in the formation of vesicles that bud-off from the inner chloroplast envelope [58, 60] . It is known that vesiculation of the inner chloroplast envelope membrane provides a pathway by which diglyceride lipids are transported from the site of synthesis at the inner envelope to the developing thylakoids [59] . The VIPP1-less mutant is also chlorophyll-deficient, and has a dysfunctional photosynthetic electron transport chain [58] . In the cyanobacteria Synechocystis 6803, loss of photosynthetic activity and aberrant thylakoid membranes were due to loss of VIPP1 [60] . In this work, Western blot analysis of the TLA1 RNAi transformants and the TLA1 over-expressing lines with the VIPP1 primary antibodies showed that the amount of VIPP1 protein is drastically reduced in the TLA1 RNAi transformants and increased in the TLA1 over-expressing lines (figures 5f and 6f ). These results suggested that TLA1 and VIPP1 function in the same signalling transduction pathway for the regulation of the Chl antenna size and electron transport chain of photosynthesis.
TLA1 was originally deemed to be a soluble protein lacking a chloroplast or mitochondrial targeting/transit peptide, hence presumed to be localized in the cytoplasm of the cell. However, cell fractionation studies in this work showed that it co-isolates with the cell membrane fraction (figures 7 and 8) . The TLA1 protein sequence does possess a single hydrophobic domain comprising 27 amino acids between residues 42 and 69, theoretically long enough to qualify as a transmembrane domain [26] . This hydrophobic domain of 27 amino acids is highly conserved in similar proteins of unknown function from other diverse organisms. This hydrophobic domain can theoretically be used for single-span membrane attachment of the TLA1. This observation might explain the Western blot analysis results in this study, which showed that the TLA1 protein is enriched in the cellular membrane and chloroplast envelope fraction but not present in the soluble stroma or nucleus. Alternatively, the TLA1 protein could be anchored to the membrane via a different anchoring membrane protein or a lipid. Interestingly, the TLA1 homologue in Arabidopsis (AT5G55940) was predicted to be localized in the endoplasmic reticulum (ER) [61] .
For many years, all proteins destined for internal chloroplast compartments were thought to possess a chloroplast transit peptide (cTP) and use the Toc/ Tic protein import machinery. However, new largescale proteomic studies have revealed the existence of several proteins that lack cleavable transit peptide pre-sequences but reach internal chloroplast compartments nevertheless [62, 63] . The initial suggestion that the chloroplast proteome consists of a large fraction of proteins lacking a cTP [62] was interpreted in two ways. First, these proteins might not possess any cleavable targeting pre-sequence (i.e. non-canonical Cp proteins) and, second, they carry these target sequences, but current prediction algorithms fail to recognize them. Recent results by Armbruster et al. [63] indicated that about 11.2 per cent of chloroplast proteins in Arabidopsis are non-canonical chloroplast proteins (lack a well-defined cTP) and are localized in the inner compartment of chloroplasts. It is clear that at least two classes of non-canonical chloroplast proteins exist: one localized is the chloroplast inner envelope and the other in the ER-dependent Cp import process [63] . Examples of non-canonical chloroplast proteins in inner chloroplast envelope include the chloroplast envelope quinone oxidoreductase homologue (ceQORH) protein [64 -66] and Tic32/IEP32 that was identified as another inner chloroplast envelope protein without an apparent cTP [67] . ceQORH uses an internal 40 amino acids long sequence for chloroplast localization that does not resemble any conserved chloroplast localization sequence [64] . Non-canonical chloroplast proteins that are localized in the chloroplast via ER and Golgi apparatus are encountered in organisms that have complex plastids, including many algae and apicomplexan parasites [68] . Examples include a recently identified alpha carbonic anhydrase (CAH1) protein in the model plant Arabidopsis [69] . The Arabidopsis alpha CAH1 protein has been found to localize in the chloroplast stroma, although it was predicted to have a secretory/ER transit peptide [63, 69, 70] . On the basis of its similarities to Cp protein transport in primitive organisms, the CAH1 pathway might represent an ancestral co-translational targeting mechanism that arose prior to the evolution of the now dominant post-translational Toc/Tic system [69] . Given this background, it is possible that the TLA1 protein is localized in the chloroplast envelope and budding thylakoid membrane (figures 7 and 8), where it exerts a pivotal role in thylakoid membrane biogenesis and Chl antenna assembly. This scenario would require future specific in vitro import and red fluorescent protein or green fluorescent protein-fusion assays to test for the specific sub-cellular destination of the TLA1 protein.
TEM revealed substantial differences in thylakoid membrane ultrastructure between the TLA1 RNAi transformants and the wild-type and OE strains. The thylakoid organization of the former showed lesscompact arrangement of membranes compared with that of the wild-type and OE strains. The TLA1 RNAi transformants did not possess properly appressed grana membranes but showed a rather disorganized thylakoid membrane system ( figure 9a-c) .
Proteins of the LHC and the VIPP1 are known to play a role in thylakoid membrane biogenesis and organization. Hence, the TEM results along with the Western blot analysis showing reduction in LHC and VIPP1 proteins in the TLA1 RNAi transformants might indicate that the TLA1 protein regulates the organization of the thylakoid membranes in the chloroplast via regulation of expression of these two proteins. The work described here provides new insight into the modus operandi of the TLA1 gene, not only as a component of a novel signal transduction pathway for the regulation of the Chl antenna size, but also as a regulator of thylakoid membrane biogenesis and organization in chloroplasts.
